The surface planarity and asperity removal behaviors of atomic scale under the ultrathin 11 water environment was studied for the nanoscale process by molecular dynamics simulation. The 
Introduction

24
With the rapid development of ultra-precision manufacture technology (UMT) and 25 miniaturized components, chemical mechanical polishing (CMP) technology has been widely 26 applied in the semiconductor industry. Due to the shrinkage of ultralarge scale integrated circuits,
27
new challenges for CMP are created recently, one of which is the low root-mean-square roughness
28
(on the order of subnanometer) [1] [2] [3] [4] . The initial requirement of reducing the step-height differences 29 to about 50 nm was changed to 30 nm, then to 10 nm, and now a zero nm difference is desired [5, 6] .
30
Further, the three-"zero" target, namely, "0 nm planarity, 0 defects, and 0 polishing load", is even 31 put forward and desired to be reached by the year 2020 [5] . With this order of size, the removal of 32 polishing material within a few and even only one atomic layers from the film or coating surface is 33 still challenging. In this case, as polishing process has occurred in the local area adjacent to the 34 abrasive particles or cutting tool, wear mechanism must differentiate with macroscopic world.
35
Therefore, it is essential to completely understand the physical/chemical mechanisms of wear 36 underlying the CMP process and develop novel polishing approaches at nanometer scale.
37
It is known that in CMP process, a major requirement is the complete removal of the 38 overburden materials and coating asperities, with minimal dishing and erosion, as well as minimal 39 levels of surface defects [3] . To make the process efficient, the aqueous slurry, consisting of abrasive 40 particles in a mixture of several chemicals, is used to planarize the wafer surface. Thus, CMP has 41 been proposed to be a comprehensive process with chemical and mechanical synergy, where 50 effect on the polishing environment and makes the polishing process more complicated [12] [13] [14] . As 51 one of the simple but key components in slurry, water not only carries the other components, but 52 also acts as an efficient lubricant which affects the friction and wear behavior of polished surfaces, 53 the material removal rate and the quality of polished surface [15] . By studying the nanoscale friction 54 and wear properties of silicon wafer, Chen et al. found that both the wear rate and friction coefficient 55 in the water lubrication were smaller than that in dry friction conditions, and the wear mechanism of 56 water lubrication was considered to be of molecule-scale removal process [16] . Although the study 
62
(normal forces and tangential forces) [17] . However, to date, the mechanism research of water 63 influencing the polishing behaviors is very limited, for instance, whether the surface or coating 64 asperities will be efficiently removed with minimized damage to the polished surface quality under 65 the noncontact condition as reported by Su [13] and how water interacts with abrasive particle and 66 polished material are still ambiguous, especially for the polishing depth within a few and even only 67 one atomic layers from the surface.
68
Therefore, we conducted a large scale three-dimensional MD simulation by sliding a diamond 
73
Also, because the material deformation, corrosive removal mechanism, surface defects and 74 scratching forces in the scratching process at the subnanometer scale should be different from those 75 at larger scale [4], the various scratching depth less than or equal to 1 nm was adopted, as well as 76 various thickness of water film. This work will be helpful to reveal the role of water in polishing 77 process and understand the friction and wear properties of polished material.
78
Simulation methodology
79
The MD simulation was performed with LAMMPS code to investigate the atomic removal 80 mechanism of Cu thin film with lubrication of water film. Figure 1 shows the atomistic model of 81 simulation system consisting of a diamond particle, a water film and a defect-free monocrystalline
82
Cu thin film. The spherical abrasive particle constructed with perfect diamond lattice was positioned 83 vertically at a height of 2.0 nm above the water film. Since the abrasive particles in CMP process are 84 usually harder than the machined materials, especially for the relatively soft Cu, it was assumed as 85 ideally rigid body [18] . The water film with density of 1.0 gcm-3 was constructed through Materials
86
Studio software and then transferred to the input file using in LAMMPS code. Atoms of the Cu thin 
90
The boundary atoms at the bottom of the thin film were fixed to reduce the boundary effects, and the 
102
[20] was adopted to depict the Cu-C interaction with potential parameters expressed in that due to the increase of scratching depth, the abrasive particle contacted more Cu atoms and 167 thereby resulted in a larger removed zone, and almost all of the surface Cu atoms contacting with 168 particle were removed during scratching process (as shown in Figure S1 (c, d)). As the particle 169 moved forward, a large number of deformed atoms accumulated to form clusters or chips ahead of 170 the particle, and meanwhile, the remarkable ridges (i.e. pile-up of atoms) along both the left and 171 right sides of particle were produced, especially at the scratching depth of 1.0 nm as shown in Fig S2   172 (in the Supporting Information). After the particle passed by, a groove was formed. These results are 
189
To evaluate the effect of water film thickness on the removal process and surface quality, we 
213
Further, to reveal the mechanism of material removal, the worn configurations with the 214 presence of water film and the local interaction zones were extracted and shown in Figure 4 , and the 215 number of water molecules remaining in the scratching region was calculated in Figure 5 . In Figure   216 4, there are a small number of water molecules accumulating in front of particle as the scratching 
228
For the scratching process of noncontact condition (the scratching depth of -0.2 nm) with water 229 film thickness of 1.0 nm, the cross-sectional view in Figure 4 (a) shows that the space between particle
230
and Cu surface is occupied by a large number of remaining water molecules. The average interaction 231 forces listed in Table 2 manifest that the interactive force of particle-Cu film (0.18 nN) is much less 232 than the interactive forces of both water-Cu (41.52 nN) and water-particle (46.08 nN). These results
233
indicate the monoatomic layer removal should be ascribed to the water-Cu interactive force. 
269
with water film thickness of 1.0 nm. The black line marks the scratching contour.
270
As the scratching depth increased to 0.5 and 1.0 nm, the most of water molecules under particle
271
were squeezed out of the scratching region (as proved by the number of water molecules in Figure   272 5), and the particle contacted with Cu surface directly, as displayed in Figure 4(c, d) . forces of water-Cu and water-particle decrease rapidly while that of particle-Cu increases 274 dramatically (in Table 2 ). Especially, at the scratching depth of 1.0 nm, the interactive force of 275 particle-Cu (147.98 nN) becomes much larger than the other two forces (4.24 and 13.12 nN), but very 276 close to the interactive force of particle-Cu (158 nN) for dry nanoscratching, which suggests that the 277 direct interaction between abrasive particle and Cu thin film predominantly governs the material 278 removal. This is contrary to that occurring at the scratching depth less than or equal to 0.1 nm.
279
During the moving forward of particle, one amorphous layer was formed; the deformation zone in 280 the Cu film became larger, and several chips or debris were generated in front of the particle, as
281
shown in Figure 7(c, d) . Meanwhile, a fraction of Cu atoms were shifted from their original positions 282 in zone 2 and zone 5 and dispersed underneath the particle in zone 3 and zone 6, as enclosed in circle
283
C in Figure 7(d) . Therefore, it is thought that the surface atoms are mainly removed by the ploughing 
300
show that some water molecules still remained beneath particle and more water molecules existed in 301 the space ahead of particle. All those water molecules played an important role in facilitating the 302 removal of monoatomic layer. Contrarily, with scratching depth increasing to 0.1 nm in Figure 8 (b, 303 d), there were only a small number of water molecules remaining beneath particle, and thus the 304 particle started to contact with surface Cu atoms, similar to the dry nanoscratching in Figure S4 (b).
305
The average interaction forces in Table 2 indicate that the interactive forces of water-Cu and 306
water-particle decrease but the particle-Cu interactive force increases slightly with the water film 
315
324
obvious groove with ridge along the both sides is formed, and chips or debris are produced and 325 accumulated in front of particle. They increase the surface roughness and thereby lead to the 326 deterioration of the surface quality. Moreover, the dislocation length was extracted and shown in 327 
339
In this work, the MD simulation was applied to investigate the effect of scratching depth on the 
